This paper presents design concepts of a reconfiguration mobile robot developed in Hannam University and experimental results of position estimation by multiple sensors. In order to achieve high reliability and mobility in maneuver, driving motors of the mobile robot are assembled inside the wheels of the mobile robot, and the rhombus-shaped structure of the mobile robot with four wheels yields as good adaptability to rough terrain as a six-wheel mobile robot. Since the proposed mobile robot receives multiple sensor signals from odometers and an orientation sensor, states related to position and orientation of the mobile robot are optimally calculated by the extended Kalman filter. Experimental results show that tracking errors of the mobile robot can be reduced remarkably by the optimal state observer.
Introduction
A mobile technology gives a robot system unlimited workspace. Among mobile robots for various applications, a wheel type seems to be an effective device in perspective of mechanical simplicity and energy efficiency comparing with a walking type or a caterpillar type. In terms of mobility, a walking type is superior to the other types. Wheel types are generally classified as the number of wheels equipped on the platform of a mobile robot. Two-wheel robots are unstable without aid of control actions for platform balance and three-wheel robots are prone to rapid steering. Four-wheel robots can yield good mobility and stability on flat surface, therefore majorities of mobile robots are designed based on four wheels.
Because four-wheel robots have difficulty in rough terrain due to fixed relative positions of wheels, six-wheel robots with a linkage mechanism, such as a bogie, have been developed, especially for outdoor applications [1] [2] . Since contact positions of six wheels on the ground can be changeable according to the geometric shape of the ground, six-wheel robots can take stable configurations on curved surface and climb over an obstacle. Sojourner [1] and Shrimp [2] are small six-wheeled rovers for autonomous planetary missions. Hybrid typed robots with wheeled legs do not only show shape adaptability, but also produce advanced motions through the appropriated combination of walking and rolling [3] [4] .
This paper presents design concepts and the hardware architecture of the reconfigurable mobile robot, HanBot1, developed in Hannam University. The primary target is to develop a low-cost, lowpower mobile robot while yielding shape adaptability. The proposed mobile robot is aiming at medical assistance for elderly people, such as the automatic measurement of physical signals, an emergency call both in a building and outside. The rhombus-shaped structure of the mobile robot with four wheels yields as good adaptability to rough terrain as a six-wheel mobile robot.
A dead reckoning technique based on odometers equipped to wheels of the robot and an orientation sensor are used to estimate the position and orientation of the mobile robot with respect to the reference frame. Since the proposed mobile robot receives multiple sensor signals from odometers and the orientation sensor, states related to position and orientation of the mobile robot are optimally calculated by the extended Kalman filter [5] . Experimental results show that tracking errors of the mobile robot can be reduced remarkably by the optimal state observer.
HanBot1
HanBot1 is shown in Fig. 1 , and its schematic configuration is shown in Fig. 2 if viewed up from the bottom. The front and rear wheels are steerable and all four wheels are drivable. Fig. 3 shows the side view of the robot which is similar to that of a six-wheeled robot having three wheels at each side. Since two linkages, attaching to the front wheel and the side wheel, intersect at a hinge which they rotate about, it is possible to keep all its wheels in contact with curved surface as shown in Fig.  3 . This results in as good adaptability about driving direction as a six-wheeled robot. Since actuating motors (Maxon EC motor, 30W) are assembled inside wheels of the robot instead of placing a conventional power transmission between wheels and actuators, there is no motion interference between driving and steering. The radius of the wheels is 65mm and the distance between two wheels facing each other is 450mm. The black box on the top of the robot contains electronics including a main computer.
The main controller of HanBot1 consists of a single board computer (Pentium III), a PC/104 card for CAN (Controller Area Network). Servo drivers (Maxon 4-Q-EC) for the motors receive command signals from the main controller through CAN lines. Rotating angles of the wheels are measured by encoders assembled with the corresponding motors and sent to the main controller for position estimation. Because slippage of the wheels cannot be measured by odometers, an orientation sensor (Microstrain 3DM) is added to send the yaw angle of the robot at mass center to the main controller through RS232-C serial port. A lithium-ion battery (SWIT S-8506, 14.5V) supplies energy to the electronics. A four-wheel robot with two differential wheels and two caster wheels are shown in Fig. 4 . If the robot moves slowly comparing with sampling period, T, the equation of motions is as follows;
where x, y,θ is X-directional position, Y-directional position, and rotational angle about Z-axis at the mass center of the robot, respectively [6] . v and ω are the linear and angular velocity of the mobile robot at its mass center respectively. k is the positive integer for sampling number. Since the velocity of the mobile robot at mass center is determined by the rotational velocity of side wheels, the output equations are as follows; 
where R r , R l are the radius of the right wheel and the left wheel respectively. B is the distance between the left wheel and the right wheel. r θ & , l θ & are the angular velocities of the right wheel and the left wheel. The position of the mobile robot can be calculated by incremental amounts of the side wheels. However, kinematic uncertainties of the robot, such as misalignment of the wheels, unexpected slippage of the wheels etc., produce tracking error of the robot. Moreover, the farther the robot moves, the larger this error becomes. To solve this problem, the angular velocity of the robot at mass center is measured by the orientation sensor equipped on the mobile robot, and its equation is merged into the output equation as shown in Eqn (2) . Since the states of Eqn(1), cannot be measured directly, the extended Kalman filter is implemented to estimate optimally the states, i.e. current positions of the robot. When implementing the filter algorithm to HanBot1, experimental results are shown in Fig. 5 . Though the actual trajectory of the robot departs from a straight line due to slippage of the wheels, the estimation only based on encoder signals is not capable of detecting any slippage thinking the robot goes straight. However, the extended Kalman filter yields better estimation results close to the actual trajectory of the mobile robot as shown in Fig 
Conclusions
In this paper, we present an innovative four-wheel robot, HanBot1, having a lightweight structure and multiple sensors for indoor and outdoor applications. A rhombus-shaped platform and linkage mechanisms allow the mobile robot to keep all wheels in contact with curved surface, which leads to stable mobility in rough terrain. An optimal state observer based on the extended Kalman filter is designed to estimate the location of the mobile robot with respect to the reference frame. Experimental results show that the proposed observer, using the odometers and the orientation sensor, yields better performance than a conventional dead-reckoning method relying only on odometers.
